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The large electronic polarization in III-V nitrides allow for novel physics not possible in other 
semiconductor families. In this work, interband Zener tunneling in wide-bandgap GaN heteroj unc- 
tions is demonstrated by using polarization-induced electric fields. The resulting tunnel diodes are 
more conductive under reverse bias, which has applications for zero-bias rectification and mm- wave 
imaging. Since interband tunneling is traditionally prohibitive in wide-bandgap semiconductors, 
these polarization-induced structures and their variants can enable a number of devices such as 
multij unction solar cells that can operate under elevated temperatures and high fields. 



Introduction: Since Esaki's explanation of the inter- 
band electron tunneling process 1 across heavily doped 
Germanium p-n junction diodes in 1957, the phenom- 
ena has been investigated in great detail in many 
semiconductor^. Due to negative differential resistance, 
negligible minority carrier storage and the resulting high 
speeds, tunnel diodes have found usage in applications 
such as oscillator^, amplifier^, frequency converter^, 
and detectors 6 . A notable and increasingly important 
application of tunnel junctions is in electrically connect- 
ing semiconductor p-n junctions of disparate bandgaps, 
such as in multij unction solar cells^l 

Interband tunneling of electrons in semiconductors is 
impeded by two factors: the tunneling barrier height 
determined by the bandgap, and the tunneling barrier 
thickness. For wide bandgap semiconductors such as the 
III-V nitrides (GaN, AIN) and SiC, tunneling is low due 
to the high barrier heights, and is hampered further by 
the inability to achieve degenerate n- and p-type im- 
purity doping. However, by utilizing the giant built-in 
electronic polarization fields present in w urzite III-V ni- 
tride semiconductor heterostructures^^, it is possible to 
achieve interband tunneling in p-n junction diodes. This 
principle was recently used for connecting two nitride p- 
n junctions to demonstrate a multicolor light emitter 11 . 
Such polarization-induced tunnel junctions can enable 
Ohmic contacts to the valence band of large bandgap 
semiconductors. They will enable multicolor light emit- 
ters/detectors and multij unction solar cells by taking ad- 
vantage of the large span in direct bandgaps (IR to deep- 
UV) covered by the III-V nitride semiconductor fam- 
ily. Wide bandgap semiconductors also exhibit long life- 
times for spin-polarized carriers and room-temperature 
ferromagnetic behavior; tunnel junctions can enable ef- 
ficient injection of polarized carriers for spintronic de- 
vices. In light of the importance, this work presents 
an experimental demonstration and a theoretical model 
for polarization-induced tunnel junctions in III-V nitride 
heterostructures. GaN-AlN-GaN p-n tunnel junctions 
are shown to operate as backward diodes for zero-bias 
detectors at room temperature. 

Wurtzite III-V nitride semiconductors (GaN, AIN) 
exhibit giant polarization fields in the 0001 crystal 
direction 9 10 . When a thin strained AIN layer is in- 
serted into a GaN crystal along the 0001 direction, the 
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FIG. 1: Energy band diagrams of a normal p-n junction 
and a polarization-induced tunneling p-n junction. The 
polarization-induced electric field shrinks the depletion region 
and aligns the valence and conduction bands to facilitate in- 
terband tunneling. 

abrupt discontinuity of spontaneous polarization and the 
piezoelectric strain leads to the formation of a dipole 
of fixed sheet charges at the two AIN/GaN heteroj unc- 
tions. This polarization sheet charge density is as large 
as ~ 6 x 10 13 /cm 2 . In the absence of other charges, 
the electric field inside the AIN layer as a result is 
= (lo~^/e s ~ 12 MV/cm, where q is the electron 
charge and e s ~ 9eo is the dielectric constant of AIN. 
This is an extremely high field; it cannot be attained 
by conventional impurity doping, and is the critical en- 
abler of interband (Zener) tunneling. For comparison, 
Figure [I] shows the energy band diagram calculated for 
an impurity-doped GaN:Mg/GaN:Si p-n junction heavily 
doped at Na ~ 10 19 /cm 3 and N D ~ 9x 10 18 /cm 3 respec- 
tively. The depletion region width (effective tunneling 
barrier thickness) is W ~ 25 nm, and the maximum elec- 
tric field reached at the junction is J- max ~ 2£ g /W ~ 2.7 
MV/cm, where £ g ~ 3.4 eV is the bandgap of GaN. The 
same figure also shows the energy band diagram calcu- 
lated by a self-consistent Schrodinger-Poisson solution 
for the case when a tAiN = 3 nm AIN tunnel barrier 
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FIG. 2: Layer structure and a TEM cross section image of the 
5 nm A1N backward diode. The insert shows a high resolution 
image of the A1N layer verifying the A1N thickness. 

is inserted at the p-n junction. The polarization dipole 
shrinks the depletion width to a thickness close to tAiN 
and the band bending of the order of ~ qT^AiN re- 
aligns the band edges. Interband tunneling of electrons 
from the valence band (VB) in the p-type side to the 
conduction band (CB) in the n-type side is then possi- 
ble under reverse bias voltage; such polarization-induced 
tunnel junctions thereby conduct more current under re- 
verse bias, and are 'backward' diodes^. 

Experiment: In order to investigate this phenomena, 
GaN-AlN-GaN heterostructures were grown by plasma- 
assisted Molecular Beam Epitaxy (MBE) on commer- 
cially available n-type doped GaN 0001 templates. The 
growth was performed at a substrate thermocouple tem- 
perature of 600° C and a RF plasma power of 275 W, 
which corresponds to a growth rate of ~ 150 nm/hr. 
A 100 nm Si-doped GaN layer (N D ~ 9 x 10 18 /cm 3 ) 
was grown, followed by a Mg doped A1N layer of thick- 
ness tAiN, an d a 100 nm p-type GaN with Mg doping 
Na ~ 10 19 /cm 3 . The thickness of the A1N tunnel-barrier 
was varied over 6 samples (tAiN = 0, 1.4, 2.8, 3.5, 4.3 & 
5 nm). The samples were then capped with a heavily p- 
type doped GaN layer for improved Ohmic contacts. Fig 
[2] shows the layer structure, and a Transmission Electron 
Microscope (TEM) image of the GaN/AlN/GaN tunnel 
junction which was used to confirm the thickness and 
uniformity of the A1N layer. The TEM image also indi- 
cates a sharp hetero junction with high crystalline quality 
as inferred from lattice imaging. 

Following MBE growth, the samples were processed 
into p-n junctions by etching down to the n-type sub- 
strate using CI2 plasma in an Inductively Coupled 
Plasma (ICP) etcher. Ni/Au and Ti/Au Ohmic contacts 
to the p and n-type layers respectively were deposited 
in an electron beam evaporator. A schematic of the fin- 
ished device is shown as an inset in Fig[3^b). Current- 
voltage characteristics of the junctions were measured at 
300 K in a probe station using a semiconductor parame- 
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FIG. 3: (a) Measured current- voltage characteristics for a nor- 
mal (tAiN—0 nm) and a tunnel p-n junction (tAiN— 2.8 nm). 
(b) Expanded current voltage characteristics under small ap- 
plied biases showing backward diode behavior. The 2.8 nm 
A1N structure exhibits the highest reverse bias tunneling cur- 
rent, as explained using a model that includes polarization- 
induced electric field. The inset shows the device structure. 

ter analyzer. The results are shown in figure [3] The de- 
vices with the A1N interlayer show clear backward-diode 
behavior: they conduct more current when reverse bi- 
ased than when forward biased. This is a signature of 
interband tunneling. An useful metric used for back- 
ward diodes is the curvature of the I-V curve at zero 
voltage bias, defined as 7 = (d 2 I / dV 2 ) / (dl / dV). The 
highest 7 = 21 V -1 was obtained for a barrier thickness 
tAiN = 2.8 nm. As indicated in Fig[3J the tunnel junc- 
tion with tAiN = 2.8 nm showed the highest tunneling 
current density, reaching levels of ~ 750 mA/cm 2 at a 
reverse bias of -0.8 Volt. 

At a fixed reverse bias voltage, the current density, 
when plotted for various A1N layer thicknesses (tAw) 
showed a clear maximum. Figure [4] shows the tunnel 
current densities (circles) at a bias of -0.5 Volt as a func- 
tion of the A1N layer thickness. This behavior can be ex- 
plained using a simple model of interband tunneling cou- 
pled with the high polarization fields that enable it. An 
energy band diagram as sketched in Figure [4] shows the 
band alignments at a small reverse bias, assuming close 
to flat-band conditions in the p- and n-type regions. This 
form of the band diagram is confirmed by self-consistent 
Schrodinger-Poisson simulations. For electrons in the va- 
lence band of the p-type GaN region to tunnel into the 
conduction band of the n-type region, the CB edge S c in 
the n-side must be lower in energy than the VB edge £ v 
in the p-side. As can be seen in the energy band diagram, 
at an applied reverse bias of qV, energy conservation re- 
quires 



E g + A£ c = qT^AiN + A£ c - 5£, 



(1) 



where A£ c ~ 2.1 eV is the conduction band off- 
set between GaN and A1N, ~ 12 MV/cm is the 
polarization-induced electric field, and S£ = qV + 
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FIG. 4: Band diagram, tunneling barrier, and calculated + 
measured dependence of tunneling current on A1N thickness 
(tAZJv) measured at -0.5 V bias. The experimental results 
agree with the model of equation [5] 



£ g . The critical A1N thickness for which the 
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onset of interband tunneling occurs for the smallest ap- 
plied voltages is given by S£ « 0, or t^ lN « EgjqT^^ 
which evaluates to t c j[ lN ~ 2.8 nm, essentially identical to 
the diode that exhibits the highest tunneling current den- 
sity. For A1N thicknesses lower than this value, the band- 
bending in the A1N barrier is lower than the bandgap of 
GaN, £ c (n — side) > £ v (p — side), the physical depletion 
region width is larger than tAiN, and therefore tunnel- 
ing is prohibited for small reverse bias voltages. On the 
other hand, for A1N thicknesses larger than t^ tN , the 
bands align so as to allow tunneling, but the tunneling 
probability is lowered significantly. These qualitative ar- 
guments are now provided a quantitative basis. 

Model: The tunneling probability T w kb across a po- 
tential barrier V(x) in the Wentzel-Kramers-Brillouin 
(WKB) approximation is given by?: 



wkb 



-2f* AlN K(x)dx 



(2) 



where the spatial variation of the imaginary wavevector 
k(x) is given by: 



2m* 



V{x) 



2m* 



{£ g + A8 c -q^x), (3) 



as can be seen from the barrier potential V(x) in Fig 
[4j Here, m* is a reduced tunneling effective mass that 
is related to the curvature of the imaginary part of the 
bandstructure inside the bandgap. Denning constants 
«o = y/2m*(£ g + A£ c )/h 2 and t = (£ g + A£ c )/q^ 
the WKB tunneling probability is given by T w fc5 ~ 
exp [-2/3 x « *o[l - (1 - *W*o) 3/2 ]]. 

The tunneling current density that flows through the 
junction is then found by adding the contributions from 
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Here are the Fermi-Dirac electron occupation func- 
tions. The subscripts c and v stand for the conduction 
and valence bands respectively, and the superscripts indi- 
cate the n and p sides of the tunnel junction. The density 
of states (DOS) in the conduction and valence bands are 
denoted by p c and p v respectively. Without loss of gen- 
erality, if we assume that the applied bias appears on 
the n-side, then electrons at the valence-band edge of the 
p-side will be able to tunnel elastically to states in the 
conduction band on the n-side at an energy S£ above 
the band edge, as indicated in Fig [4j Since the conduc- 
tion band in GaN is highly parabolic, the DOS varies as 
p™ ~ \f£. Therefore, the integrand in equation [4] de- 
pends on the thickness of the A1N barrier as \fb£ x T w ^. 
Thus, the tunneling current density is proportional to 
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(5) 



This functional form is plotted against tAiN in Fig[4| and 
is in excellent agreement with the trend of tunnel current 
densities measured experimentally. For the thickest A1N 
barrier, the tunneling current is higher than expected - 
this can be attributed to leakage through defects that 
form due to strain relaxation, as has been reported in an 
earlier workM 

Rectification, Backward Diodes: Backward- diode be- 
havior of the tunnel junctions enable the rectification 
of oscillatory signals of small voltages. The ability to 
perform this operation around zero DC bias makes such 
devices attractive for mixing, passive mm-wave imag- 
ing, and radiometric temperature measurement without 
the need for external biasing circuitry. The tAiN = 2.8 
nm GaN/AlN/GaN tunnel junction was first tested for 
this property. Fig [5] inset (a) shows that the output of 
the diode cuts off the positive half of a 0.2 Volt oscil- 
lating square-wave input voltage cycle (period: 1 /is, 
zero DC voltage), as expected. The zero-bias curva- 
ture, as discussed earlier 7 ~ 21 V -1 is lower than 
the 7 - q/kT - 38.5 V" 1 'thermal' limit for Schottky 
diodes. The curvature in backward diodes is not limited 
by thermionic emission, and can be improved beyond this 
classical limit in the future by shrinking the bandgaps 
and optimizing the doping and the polarization charge 
at the heteroj unction, as has been done for other group- 
IV and III-V semiconductor materials (for example, see^ 
and the references cited therein). 

A 56x56 pm 2 area device with tAiN = 2.8 nm was then 
connected to a circuit as shown in Fig[5] (inset) to test the 
rectifying behaviour over a wide range of input voltages. 
The sensitivity was measured on- wafer, using a RF power 
source and measuring the DC return with a digital multi- 
meter (DMM) connected to the device with a bias-T. The 
input power was varied from -32 dBm to dBm, at an 
RF frequency of 100 MHz. Figure [5] shows the measured 
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FIG. 5: Measured sensitivity and detector voltage of a large 
area 56x56 urn 2 area backward diode against input power at 
a RF frequency of 100 MHz. 

detector voltage and sensitivity versus the input power. 
The detector exhibited square law detection till input 
power levels of -20 dBm, with the onset of detector com- 
pression for higher powers. This preliminary demonstra- 
tion shows much promise for future usage of such back- 
ward diodes in higher frequency RF applications with 
improvements in the hetero junction layer structure and 
miniaturization of the device geometry. Owing to the 
high radiation resistance, and several properties result- 
ing from the large bandgap - high breakdown voltage, 
optical transparency in the visible, very low interband 
thermal generation of carriers (and resulting low noise), 
III-V nitride heterostructure based backward diodes can 
be useful in the zero-bias detection of very high power 
RF signals under harsh conditions, where other material 
systems will be pushed above their physical and thermal 
performance limits. 

Discussion & Conclusions: Considering the fact that 
the acceptor doping efficiency in Mg-doped GaN is ex- 
tremely low (activation energy Ea ~ 200 meV) and that 
the p-type GaN layer is far from being degenerate, it is 
indeed remarkable that interband tunneling can be ob- 
served. As discussed, the key ingredient that enables 



this feature is the giant polarization-induced electric field 
at the hetero junction. The general paradigm can be 
extended to other wide-bandgap semiconductor families 
whose crystal structures allow for high polarization fields 
(such as the ZnO family). 

The tunneling barrier used in this work is A1N, which 
has the largest bandgap of all III-V and group IV semi- 
conductors. Though it affords the highest polarization 
difference between GaN and A1N, the large barrier height 
also restricts the tunneling current drive. The tunneling 
current density scales as ~ exp[— (S g + A£ c ) 3 / 2 ], thereby 
implying a lower current density than similar devices 
using narrower-gap semiconductors. The polarization- 
induced tunnel diodes studied here for GaN exhibit cur- 
rent densities in the 1-10 A/cm 2 range. While these cur- 
rent densities are low for nitride optical emitters (light- 
emitting diodes, LASERs), they are sufficiently high for 
solar cells where typical requirements are in the 10s of 
mA/cm 2 . A major advantage of these tunnel diode struc- 
tures for solar cells is that the polar barrier that enables 
tunneling is of wider bandgap and can thus be optically 
transparent, thereby offering an attractive solution to ab- 
sorption losses encountered in the tunnel junctions con- 
necting typical multij unction cells. Furthermore, using 
narrower-bandgap III-V nitrides (InGaN) in the p- and n- 
regions and using GaN (or AlGaN) as the tunnel-barrier, 
the current densities can be enhanced. Such junctions 
may then find use in optical emitters as well. 

Going beyond conventional electronic/optical device 
applications, tunneling measurements have been used as 
an effective tool for spectroscopy of the electronic struc- 
ture of semiconductors. The polarization-induced tunnel 
junctions can be used for measuring the electronic band- 
structure of narrower-gap nitrides (such as InN) . Finally, 
they offer a method to tunnel-inject spin-polarized carri- 
ers and take advantage of the large spin-lifetimes of the 
wide-bandgap nitrides. 
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